We report experimental and theoretical studies of magnetic and related properties of ErRuSi compound. Various experimental techniques such as neutron diffraction, magnetization, magneto-thermal, magneto-transport, optical have been used to study the compound. Neutron diffraction shows ferromagnetic ordering at low temperatures with moments aligned in ab plane.
Introduction
In rare earth intermetallic compounds, RTX (R= rare earth, T=transition metal and X= pblock elements) series is an extensively studied series of compounds owing to its fascinating physical properties [1] . These compounds also show good hydrogen storage capacity, large magnetocaloric effect (MCE) and large magnetoresistance (MR), which make these compounds suitable for potential applications. It has been observed that except Mn, no other transition element in RTX contributes significant moment. Therefore, in such compounds, only rare earth ion contributes to the net moment. Many compounds of this series are found to show interesting magnetic and electrical properties [1] . One of the interesting series in the RTX family is RRuSi, where Ru is the 4d element. It has been found that magnetic properties of RRuSi series vary considerably as R is varied. Welter et al. [2] performed neutron diffraction and magnetic measurements on some RRuSi (R=La-Nd, Sm, Gd) compounds. The authors observed that all these compounds crystallize in CeFeSi type tetragonal structure (space group: P4nmm). The report [2] shows that LaRuSi is Pauli paramagnet, CeRuSi is Curie-Weiss paramagnetic down to 4.2 K, PrRuSi and NdRuSi are antiferromagnets, while SmRuSi and GdRuSi are ferromagnets.
Focusing on some of the compounds of this series, recently some of us have studied magnetic and magnetocaloric properties of ErRuSi compound [3] . It has been observed that this compound crystallizes in the orthorhombic crystal structure with space group Pnma. Magnetic properties show that it orders ferromagnetically below 8 K [3] . The observed effective magnetic moment (µ eff. =9.48 µ B /Er 3+ ) and the moment at the lowest measured temperature for the highest measured magnetic field (M sat. =6.94 µ B /f.u.) estimated from the magnetization data (µ th. =9.59 µ B /Er 3+ , gJ= 9 µ B /Er 3+ ) are found to be smaller than the theoretical values (the case is similar to NdRuSi).
This was earlier attributed to a small Ru moment that may couple antiferrromgnetically with Er moment [3] . To confirm these predictions, neutron diffraction measurements were needed. The compound was found to show giant magnetocaloric effect (GMCE) along with negligible thermal and field hysteresis [3] . Generally it has been observed that the compound with large MCE shows large MR as well [4] . It is attributed to the change in magnetic structure on the application of field, which affects both magnetocaloric and magneto-transport properties.
In this paper we have studied ErRuSi compound in detail by means of various experimental probes such as neutron diffraction, magnetization, optical, magneto-thermal and magneto-transport measurements. The electronic band structure calculations were also performed to support the experimental results.
Experimental and computational details
The polycrystalline sample of ErRuSi was synthesized by the arc melting method taking stoichiometric amount of its constituent elements. The melted sample was sealed in evacuated quartz tube and annealed for 7 days at 800 ºC followed by furnace cooling. The magnetization, M (T, H), and the heat capacity C (T, H) were carried out on Physical Property Measurement System (Quantum Design). The resistivity/magnetoresistance measurements were performed in homemade setup along with 8-Tesla Oxford superconducting magnet system in longitudinal geometry. For neutron diffraction measurements 6 g of sample was prepared and crushed to make fine powder. The neutron diffraction measurements at different temperatures and zero field have been carried out on E6 diffractometer at Helmholtz Zentrum Berlin, Germany.
The electronic structure of ErRuSi was obtained within the LSDA+U method [5] that combines the local spin density approximation (LSDA) and Hubbard U correction of electronic correlations in the 4f shell of erbium. The TB-LMTO-ASA package [6] was used; it is based on the linear muffin-tin orbitals with atomic sphere and tight binding approximations. The following muffin-tin orbitals were included into the orbital basis set: (6s, 6p, 5d, 4f) states of Ho, (5s, 5p, 4d, 4f) states of Rh, and (3s, 3p, 3d) states of Si. Radii of the muffin-tin orbitals were R(Er) = 3.63 a.u., R(Ru) = 2.69 a.u. and R(Si) = 2.55 a.u. The values of the Coulomb U = 8 eV and exchange Hund J H = 0.7 eV parameters for the 4f shell of Er are close to the ones used in previous calculations [7, 8] . These values were used to account for strong correlations of the 4f electrons of erbium in the LSDA+U calculations.
The ferromagnetic ordering of the Er magnetic moments was modeled.
Results and discussion

Neutron diffraction
The neutron diffraction pattern was recorded at several temperatures between 1.6 and 25 K for ErRuSi compound. Fig. 1 shows the Rietveld refinement of neutron diffraction pattern recorded at 9 and 1.6 K. Analysis of neutron diffraction data at 9 K shows paramagnetic behavior of ErRuSi. The Rietveld analysis in the paramagnetic regime confirms orthorhombic crystal structure (space group Pnma). In this structure, the Er, Ru and Si ions occupy the 4c (x 1/4 z), 4c (x 1/4 z) and 8d (x y z) positions, respectively. On lowering the temperature below 9K, strong enhancement in the intensity of the fundamental reflections (101), (002), (200) ). The smaller value of µ eff may be attributed to crystalline electric fields (CEF). The saturation moment estimated from the extrapolation of magnetization at 3 K is found to be 6.3 µ B , which is close to the value estimated from neutron diffraction at 1.6 K. The saturation moments observed from magnetization and neutron diffraction data are smaller than the theoretical saturation moment, (gJ=9 µ B ). The assumption of small Ru moment made in earlier report is ruled out now in the light of the neutron diffraction data that shows no moment on Ru. Therefore, it is reasonable to assume that CEF plays a crucial role in determining the moment at low temperatures. Similar to this, some other compounds in RTX series also show smaller value of saturation moment [9, 10] .
The magnetic parameters of the compounds of this series are given in Table I This study NCW= Non-Curie-Weiss, *= estimated from neutron diffraction
Heat capacity measurements
The heat capacity measurements in 0, 10, 20 kOe in the temperature range of 2-100 K is shown in Fig. 5 . The zero field heat capacity shows λ-shaped peak around 8 K due to the onset of magnetic ordering. The peak gets suppressed and the peak position shifts to higher temperatures on the application of field, which confirms the ferromagnetic ordering in this compound. To calculate the magnetic heat capacity, the non-magnetic part of the heat capacity (obtained by theoretical fitting and shown in Fig. 6 (a) ) was subtracted from the total heat capacity. The total magnetic entropy (S m ) was calculated using the magnetic heat capacity (as shown in the main panel of It is reported earlier that the compound shows giant MCE around its ordering temperature. In view of this we calculated the change in adiabatic temperature (ΔT ad ) from heat capacity data at 20 kOe field using the relation,
The value of ΔT ad at 20 kOe was found to be 4.7 K. The large, low field ΔT ad along with large entropy change and the refrigerant capacity (RC, reported earlier) makes this compound promising for low temperature magnetic refrigeration. 
Electrical resistivity and magneto-resistance (MR)
The zero field electrical resistivity in the temperature range of 2-100 K is shown in Fig.   8(a) . In paramagnetic regime the resistivity is almost linear showing an increase with temperature. At 8 K, the resistivity shows a slope change due to the ferromagnetic ordering in this compound. The T C estimated from the resistivity data is close to that found from the magnetization and the heat capacity plots. Fig. 8(b) shows the field dependence of MR at different temperatures. It can be noted from Fig. 8(b) that at 40 K, the MR is almost negligible, but negative. As the temperature decreases, the MR magnitude increases down to 8 K and field dependence gradually changes from nearly H 2 at 40 K to H. Below 8 K, the MR is negligible at lower fields and becomes positive at higher fields. The magnitude of positive MR is about 4% at 1.5 K, for 50 kOe. In ferromagnetic materials, the carrier scattering due to magnons gets suppressed with increase in magnetic field, which results in negative magnetoresistance. The magnon contribution to resistivity decreases with lowering temperature below T C . Therefore with lowering temperature the negative contribution to MR becomes less significant and in the present system it is almost negligible even at 4 K. The negligible magnon contribution below this temperature is consistent with the temperature variation of moment shown in figure 3(a) , where M is close to saturation magnetization for T4K. The positive MR at high fields, below T C , arises due to the Lorentz force contribution, the magnitude of which increases with lowering temperature and/or increasing magnetic field. Fig. 9 . The LSDA+U calculated total and partial densities of states of ErRuSi. 
Theoretical calculations and optical study
